A study of the surface modification induced by single femtosecond laser pulses in phosphate glass has revealed surface swelling at fluences just below the ablation threshold. This behavior is different from that observed in other dielectric materials. Optical micrographs obtained with monochromatic light show a pattern of Newton rings within the swollen region whose number scales inversely with the illumination wavelength, acting as a micro Fabry-Perot etalon. The swollen surface layer has lower refractive index than the bulk glass and can reach a maximum thickness of 820 nm. We relate these findings to results obtained during subsurface waveguide writing inside phosphate glass, which also show a refractive index decrease at energies near threshold for waveguide fabrication. We have identified low density free-electron plasma to be the trigger of the refractive index change.
INTRODUCTION
The increasing demands of optical communications over the past decades have stimulated the fabrication of compact, waveguide integrated optical devices [1] . In this context, the use of femtosecond (fs) laser-based fabrication techniques has demonstrated an immense potential and versatility over more conventional photonic device fabrication techniques [2] [3] [4] . When an ultrafast laser beam is focused inside a dielectric material, the characteristic properties of fs laser pulses (short pulse duration and high peak irradiance) enable a controlled energy deposition via nonlinear absorption in a region limited to the focal volume with submicrometric resolution [5] . This way, structural and/or refractive index modifications can be produced inside glasses and crystals, which allows direct writing of optical waveguides and more sophisticated active and passive photonic devices [2, 3, 5] .
Despite these achievements, little is known about the relation between material changes occurring upon fs laser surface processing and those taking place upon subsurface processing. The reason is that, unlike subsurface (bulk) processing, surface processing is mostly performed at energies above the ablation threshold [6] . An exception is found for fused silica, for which a relation could be established between laserinduced densification in the bulk and at the surface at energies below the ablation threshold, both triggered by transient freeelectron plasmas [7] [8] [9] . However, such studies are missing for technologically more relevant materials for the fabrication of active photonic devices, such as phosphate glasses [1, 3, 5, 10, 11] . Recent studies have contributed to unravel the structural mechanisms responsible for fs laser-induced refractive index changes upon subsurface processing in these glasses [12, 13, 14] .
In this paper we investigate the modification of a phosphate glass upon surface processing at laser fluences near the ablation threshold and relate the results obtained to those observed during bulk processing. In addition, we identify experimental conditions to produce at the surface a micro Fabry-Perot etalon with low finesse.
EXPERIMENTAL
The material under study was a commercial phosphate glass doped with 2 wt. % Er 3 and 2.5 wt. % Yb 3 ("MM2" by Kigre), which has a bandgap of E g 3.6 eV. The laser system used for irradiation was a commercial amplified fs laser system (100 fs, 1 kHz repetition rate). Surface irradiation was performed by exposing the sample to a single s-polarized pulse, focused at the surface with a 150 mm lens at an angle of 54°, producing an elliptical spot with a Gaussian intensity distribution (110 μm × 70 μm, 1 ∕ e 2 diameter, determined using the method proposed by Liu [15] ). A fs optical microscope was installed in situ to record transient reflectivity images of the irradiated region by illuminating it with a frequencydoubled fs probe pulse at 400 nm, delayed with respect to the pump pulse. "We have chosen the elevated angle of incidence in order to avoid that the reflection of the pump laser light by the sample propagates towards the CCD camera and might not be fully filtered by the interference filter placed before." Details of the experimental setup can be found elsewhere [7, 8] . Ex situ analysis of optical and topographic changes in the processed surface has been performed with an optical microscope (OM) and optical interferometric microscope (OIM), respectively.
For subsurface processing the pulses are focused inside the sample with a microscope objective (NA 0.26). In order to minimize nonlinear propagation effects inside the sample before reaching the focal region, the pulses are stretched to 260 fs and circularly polarized [9] . Moreover, in order to generate a disklike focal region and thus circular cross section of the written waveguide, the circular laser beam has been spatially shaped by passing a 350 μm wide horizontal slit before entering the microscope objective [5, 9, 11] . During irradiation at 1 kHz pulse repetition rate, the sample is translated at 100 μm ∕ s perpendicular to the incident beam axis, parallel to the slit's long axis, while imaging plasma emission produced during processing with a laterally installed in situ optical microscope [11] . Ex situ characterization of the written waveguides was performed using an OM in trans-illumination. Characterization of local changes in the material density is induced by laser irradiation performed by confocal microfluorescence imaging, employing 488 nm excitation. In particular, the spectral shift of the 553 nm Er emission line has been analyzed, which is indicative of matrix dilatation or densification [14] .
RESULTS AND DISCUSSION
Figure 1(a) shows several topography sections through the center of surface regions exposed to single fs laser pulses at fluences above and below the ablation threshold (defined as the onset of material removal). At the highest fluence used (4.4 J ∕ cm 2 ) the maximum crater depth is ≈140 nm, displaying relatively steep walls, surrounded by an annular protrusion of up to 40 nm height. This protrusion could in principle be associated to resolidified molten material ejected toward the crater edge by the recoil pressure of the ablating material acting upon the molten layer underneath [16] . However, a detailed look at the topography evolution at lower fluences rules out this mechanism. At 3.6 J ∕ cm 2 , the crater diameter and depth have strongly decreased while the width of protrusion has increased. At 3.5 J ∕ cm 2 , no crater is observed but the protrusion is still pronounced, displaying a further increased width. These results demonstrate unambiguously that the protrusion in this glass is a direct consequence of laser irradiation below the ablation threshold, leading to surface swelling, and not a by-product of ablation. The threshold value found for surface swelling is 3.25 J ∕ cm 2 , compared to an ablation threshold of 3.58 J ∕ cm 2 . We have inspected the irradiated regions with an optical microscope in reflection. The corresponding micrographs displayed in Figs. 1(b)-1(d) show an overall darkening together with an elliptic ring pattern, which is spatially coincident with the region of the protrusion. The ring pattern is reminiscent of Newton rings, an interference pattern caused by the reflection of light between two surfaces: a spherical surface and an adjacent flat surface. We have confirmed this hypothesis by performing optical microscopy using two monochromatic illumination sources with different wavelength. Figure 2(a) shows a micrograph of a region irradiated at 3.9 J ∕ cm 2 illuminated at 460 nm wavelength, nicely featuring the ring pattern. Figure 2(b) shows the very same region and field of view, illuminated at 800 nm. A comparison of both images shows that for 800 nm light, the number of fringes (3) is approximately half the one observed for 460 nm light (5) . The product of wavelength and fringe number is constant within the error of this first estimation, confirming that the rings are caused by an optical interference phenomenon. This can also be seen in the corresponding horizontal reflectivity profiles [Figs. 2(c) and 2(d)], which reveal a maximum modulation depth ΔR −0.07 for 460 nm light and ΔR −0.09 for 800 nm light. This structure behaves like a micro Fabry-Perot etalon with a low finesse.
The relative refractive index change Δn ∕ n responsible for the appearance of the Newton rings can be calculated assuming a two-layer system. The lower layer is assumed infinite and its refractive index n corresponds to that of bulk phosphate glass at a given wavelength. respectively. Consistently, both calculations yield a thickness d 820 20 nm for the upper layer to match the number of experimentally observed rings (5 for 460 nm and 3 for 800 nm). The refractive index changes obtained from the calculations are Δn ∕ n 460 nm −0.008 0.0005 and Δn ∕ n 800 nm −0.011 0.0003. The value obtained for 460 nm is likely underestimated due to the slight absorption in the material at this wavelength. We have investigated the origin of surface swelling and refractive index decrease by means of imaging the transient free-electron plasma formed upon irradiation using a fs pump-probe microscope [7, 8] . The delay of probe pulse was chosen to be 1 ps since in this delay range the plasma features its maximum transient reflectivity [8] . The image recorded is shown in Fig. 3(a) , showing a weak transient reflectivity increase in the very region, which after irradiation displays Newton rings [ Fig. 3(b) ] and surface swelling [ Fig. 3(c) ]. Using a simple Drude model, an estimation of the plasma density can be obtained [8] , yielding a value of n e 1.1 × 10 22 cm −3 . The presence of Newton rings in irradiated phosphate glass implies a sharp interface, which suggests that the plasma relaxes and transfers energy to the lattice, thereby melting the material. The sharp interface is formed upon rapid solidification into a less dense structure, which indicates a normal glass transition [17, 18] . A different mechanism takes place in fused silica at similar plasma densities (n e 1.4 × 10 22 cm −3 ), where surface depression and lattice densification is observed [8] . This behavior is generally attributed to the anomalous glass transition in fused silica, which increases the material density upon rapid solidification [17, 18] . Yet the absence of Newton rings in the densified region in fused silica indicates the absence of a sharp interface, therefore questioning the presence of melting and opening the possibility of plasma-induced densification [8] . The absence of melting in fused silica under these conditions is also supported by the much higher glass transition temperature (T m 1600°C) compared to phosphate glass (T m 552°C). The measured electron densities can be related to the critical electron density for optical breakdown, which is given by n c ε 0 m e ω 2 ∕ e 2 , with ω being the probe laser frequency, m e and e the electron mass and charge, respectively, and ε 0 the dielectric constant. This yields a value of n c 7 × 10 21 cm −3 for our conditions and implies that the mechanisms of surface swelling/lattice dilation in phosphate glass and surface depression/lattice densification in fused silica occur close above the breakdown threshold.
We have also investigated the relation between surface swelling and bulk modification generated upon subsurface waveguide writing. The origin of the refractive index change induced in the bulk has been investigated by several groups [12] [13] [14] , and has been shown to strongly depend on the thermal effects appearing at high rep. rates. (>approx: 100 kHz) [19] . In order to compare with the former single-pulse surface experiments, we have tried to establish a relation only to waveguides written in the low repetition rate regime (1 kHz), in which the modification of the material is a consequence of the effect of each individual pulse [19] . We have written a waveguide, using the experimental conditions described in the experimental section, by focusing the laser at normal incidence at a depth of 1.56 mm inside the sample and translating the sample during the irradiation. Figure 3(d) shows a side view of the free-electron plasma produced during writing inside phosphate glass, displayed in logarithmic intensity scale in order to reveal the weaker off-center regions. At the pulse energy used (4 μJ, 16 J ∕ cm 2 peak fluence), the written structure is characterized by an overall reduced light transmission (except the very center), as shown in the transmission microscopy image in Fig. 3(e) .
After writing, we have investigated the structural changes induced in this waveguide by confocal microfluorescence imaging. Figure 3 (f) shows a map of the spectral shift of the 553 nm Er 3 emission line of the region containing the waveguide upon excitation at 488 nm, featuring a significant blue shift. As shown in [14] , a blue shift is accompanied by an increase of the emission intensity of this emission line, a decrease of the emission intensity of the Yb 3 emission at 976 nm, and an increase of the upconversion efficiency upon excitation at 980 nm. All these features are consistent with matrix dilatation and a refractive index decrease. The limited contribution of other possible mechanisms (such as a change in local polarizability) to the refractive index change cannot be ruled out, although their typical manifestation (overall fluorescence quenching) has not been observed. In this sense, the blueshift as observed in Fig. 3(f) can be interpreted as a direct signature of matrix dilatation and refractive index decrease. This behavior of laser-induced modifications inside phosphate glass is consistent with the one observed at the surface; swelling and refractive index decrease as shown in Figs. 3(b) and 3(c) . It implies that comparable material changes are induced at the surface and inside the material, despite the different processing conditions (single pulse versus multiple pulses, different local fluences) and the different plasma densities involved (20 times less inside bulk as measured in [9] ). We attribute this result to the negligible thermal accumulation effects in the case of multiple pulse irradiation due to the low pulse repetition rate used. 
CONCLUSIONS
We have shown that single pulse fs laser irradiation of a phosphate glass surface leads to surface swelling within a narrow fluence range. This structure acts as a micro Fabry-Perot etalon and consists of a laser-produced top layer of lower refractive index than the bulk material, separated by a sharp optical interface. The maximum layer thickness has been determined to d 820 nm with a maximum refractive index change of Δn ∕ n −0.011. As the origin of the modification, a laser-induced, transient free electron plasma with a peak density of 1.1 × 10 22 cm −3 was identified. We could relate these results to those obtained during subsurface waveguide writing at 1 kHz repetition rate, also generating a refractive index decrease. Despite the different conditions in terms of number of pulses and plasma densities involved, the material response is similar at the surface and inside bulk under the processing conditions used, which we attribute to the low pulse repetition rate used, thus minimizing thermal accumulation effects. The simple fabrication process of a surface layer with different refractive index and sharp optical interface by a single laser pulse could find numerous applications in telecommunication, including micro Fabry-Perot etalons.
